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Numerical solutionAbstract In this study, the ﬂow ﬁeld and heat transfer of Al2O3–water nanoﬂuid turbulent forced
convection in a tube are investigated. The surface of the tube is hot (Th = 310 K). Simulations are
carried out for constant water Prandtl number of 6.13, Reynolds numbers from 10,000, 20,000,
30,000 to 100,000, nanoparticles volume fractions of 0, 0.001, 0.1, 0.2, 0.4 and nanoparticles’
diameter of 25, 33, 75, and 100 nm. The ﬁnite volume method and SIMPLE algorithm are utilized
to solve the governing equations numerically. The numerical results showed that with enhancing
Reynolds numbers, average Nusselt number increases. The variations of the average Nusselt
number relative to volume fractions are not uniform. For all of the considered volume fractions,
by increasing the Reynolds number the skin friction factor decreases and with increasing volume
fractions and Reynolds number the pressure drop increases.
 2014 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nanoﬂuid is the term applied to a suspension of solid, nanome-
ter-sized particles in conventional ﬂuids; the most prominent
features of such ﬂuids include enhanced heat characteristics,such as convective heat transfer coefﬁcient, in comparison with
the base ﬂuid without considerable alterations in physical and
chemical properties. Nanoﬂuids have novel properties that
make them potentially useful in many applications. They show
enhanced thermal conductivity compared to the base ﬂuid. Sev-
eral researches [1–3] have showed that by adding nanoparticle
with low volume fraction (1–5%), the thermal conductivity
can be increased by about 20%.
The ﬁrst work on convective ﬂow and heat transfer of
nanoﬂuids, was presented by Pak and Cho [4] before Choi
and his group introduced the term nano-ﬂuids. The ﬁrst obser-
vation they made was a substantial increase in the heat transfer
coefﬁcient in the turbulent ﬂow regime. The experiment
showed the applicability of the Dittus–Boelter for pure water
ﬂow and a substantial increase in the heat transfer coefﬁcient
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depiction is much more gloomy. They found that the Darcy
friction factor follows the Kays correlation. Thus, due to a rise
in viscosity, there is a substantial rise in frictional pressure-
drop. This means that although the heat transfer coefﬁcient
increases in nanoﬂuids, the pressure-drop penalty is substan-
tial. In convection heat transfer applications there is always
competition between enhancement of heat transfer and the
resulting pressure penalty.
Buongiorno [5] theoretically investigated the unusual
Nusselt number increase for forced convection in a duct and
related this heat transfer enhancement to reduction of viscosity
caused by nanoparticle transport within the boundary layer.
He introduced seven transport mechanisms that cause relative
velocity between nanoparticles and ﬂuid. By comparing the
diffusion timescale of transport mechanisms, he showed that
the Brownian motion and thermophoresis are the two most
important mechanisms.
Wesley Williams et al. [6] investigated the turbulent convec-
tive heat transfer behavior of alumina and zirconia nanoparti-
cle dispersions in water experimentally in a ﬂow loop with a
horizontal tube test section. They ﬁnd that the convective heat
transfer and pressure loss behavior of nanoﬂuids can be pre-
dicted by the traditional correlations and models, as long as
the effective nanoﬂuid properties are used in calculating the
dimensionless numbers. They observe, no abnormal heat
transfer enhancement. Namburu et al. [7] numerically analyzed
turbulent ﬂow and heat transfer of Al2O3, CuO, and SiO2
nanoparticles suspended in ethylene glycol and water based
ﬂuids in a straight circular tube. They indicated that SiO2 with
nanoparticle diameter of 20 nm provides the highest thermal
conductivity enhancement due to higher viscosity value of
lower nanoparticle diameter. Fotukian and Nasr Esfahany
[8,9] investigated Turbulent convective heat transfer and pres-
sure drop of Al2O3/water and CuO/water nanoﬂuid inside a
circular tube experimentally. They indicated that addition of
small amounts of nanoparticles to the base ﬂuid augmented
heat transfer remarkably. Increasing the volume fraction of
nanoparticles in the range studied in their work did not show
much effect on heat transfer enhancement. They showed that
pressure drop for the dilute nanoﬂuid was much greater than
that of the base ﬂuid. They also predicted that ejection of
nanoparticles from the wall to the bulk of the ﬂow may be
responsible for considerable augmentation of heat transfer
by addition of small amounts of nanoparticles to the base
ﬂuid. Demir et al. [10] investigated numerically forced convec-
tion ﬂow of TiO2 and Al2O3 nanoparticles suspended in pure
water in a horizontal tube. It was found that convective heat
transfer coefﬁcient, pressure drop and wall shear stress
increase with increasing Reynolds number and the higher pres-
sure drop reported by using nanoﬂuids due to increment on
viscosity of the mixture. Bianco et al. [11] analyzed numerically
the turbulent forced convection nanoﬂuid ﬂow with Al2O3
nanoparticles suspended in water passing through a circular
tube. They concluded that increasing the particles concentra-
tion would increase the heat transfer coefﬁcient. Sajadi and
Kazemi [12] studied the turbulent heat transfer behavior of
titanium dioxide/water nanoﬂuid in a circular pipe under the
constant wall temperature condition, experimentally. Their
results showed that the heat transfer coefﬁcient increased
about 22% at a Reynolds number of 5000, for 0.25% volume
fraction of TiO2, while the pressure drop was about 25%greater than that of pure water. Zamzamian et al. [13] study
the effect of forced convective heat transfer of nanoﬂuids of
aluminum oxide and copper oxide prepared in ethylene glycol
in turbulent ﬂow. They ﬁnd considerable enhancement in con-
vective heat transfer coefﬁcient of the nanoﬂuids as compared
to the base ﬂuid. Moreover, their results indicate that with
increasing nanoparticles concentration and nanoﬂuid tempera-
ture, the convective heat transfer coefﬁcient of nanoﬂuid
increases. Nasiri et al. [14] investigated the turbulent heat
transfer performance of Al2O3–H2O and TiO2–H2O nanoﬂuids
through square channel with constant wall temperature
boundary condition experimentally. They reported that con-
vective heat transfer coefﬁcient and Nusselt number of nanoﬂ-
uids are higher than those of distilled water. They revealed that
the convective heat transfer and pressure drop of nanoﬂuids
tested in fully developed turbulent ﬂow region can be predicted
with the help of the traditional correlations and models,
provided that the effective nanoﬂuid properties are used in
calculating the dimensionless numbers. Corcione et al. [15]
study heat transfer of nanoparticle suspensions in single-phase
turbulent pipe ﬂow theoretically. They extended the convective
heat transfer correlations available in the literature for single-
phase ﬂows to nanoparticle suspensions, provided that the
thermophysical properties appearing in them are the nanoﬂuid
effective properties calculated at the reference temperature. He
investigated both cases of constant pumping power and con-
stant heat transfer rate for different operating conditions,
nanoparticle diameters, and solid–liquid combinations. The
fundamental result obtained is the existence of an optimal par-
ticle loading for either maximum heat transfer at constant
driving power or minimum cost of operation at constant heat
transfer rate. Roy et al. [16] investigated turbulent heat
transfer and hydrodynamic behavior of various types of
water-based nanoﬂuids inside a typical radial ﬂow cooling
device numerically. They evaluated several turbulence models
and choose the RANS-based k–e SST turbulence model for
subsequent simulations. Their results show that although heat
transfer enhancement was found for all the types of nanoﬂuids
considered, their overall performance seems to indicate that
their usage in practical applications may not be as beneﬁcial
as originally hoped for due to the corresponding increases in
pumping power. Naik et al. [17] analyzed turbulent convection
ﬂow of CuO nanoﬂuids of propylene glycol–water as the base
ﬂuid and ﬂowing in a circular tube, subjected to a constant and
uniform heat ﬂux at the wall, numerically. They found that
nanoﬂuids containing more concentrations have shown higher
heat transfer coefﬁcient. They compared the numerical results
with the experimental data and reasonable good agreement is
achieved.
Lu et al. [18] investigated Large-eddy simulations (LES) of
temperature ﬂuctuations in a mixing tee with/without a porous
medium. They ﬁnd analysis of the temperature ﬂuctuations
and the power spectrum densities (PSD) at the locations hav-
ing the strongest temperature ﬂuctuations in the tee junction
shows that the porous media signiﬁcantly reduce the thermal
fatigue effects. Bianco et al. [19] analyzed second law analysis
of water nanoﬂuid turbulent forced convection in a circular
crosssection tube with constant wall temperature. Their results
show that according to the inlet condition, there is a substan-
tial variation of the entropy generation, particularly when
Reynolds number is kept constant there is an increase of
entropy generation, whereas when mass ﬂow rate or velocity
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[20] investigated Entropy generation analysis of nanoﬂuid ﬂow
in a circular tube subjected to constant wall temperature.
Outcome of the analysis shows that titanium dioxide nanoﬂ-
uids offer lower total dimensionless entropy generation
compared to that of alumina nanoﬂuids. Recently, Bianco
et al. [21] studied Entropy generation analysis of turbulent
convection ﬂow of Al2O3–water nanoﬂuid in a circular tube
subjected to constant wall heat ﬂux. Their study shows that
to minimize total entropy generation when velocity is kept
constant, a low concentration of nanoparticles is necessary.
Also Bianco et al. [22] analyzed numerical simulation of
water/Al2O3 nanoﬂuid turbulent convection. They ﬁnd Heat
transfer enhancement is increasing with the particle volume
concentration and Reynolds number.
Framed in this general background, in the present paper,
developing turbulent forced convection ﬂow of Al2O3/water
nanoﬂuid in circular tube is numerically investigated. Steady
state of a two-dimensional axial symmetric ﬂow is considered
and the channel is heated at uniform wall temperature.
Investigation is conducted for different nanoparticle volume
fraction, Reynolds number, and nanoparticle diameters. The
ﬁnite volume method is employed to solve the problem and
the two phase approach is used to evaluate the developing
forced convection ﬂow.2. Nanoﬂuid properties
Many studies have evaluated the nanoﬂuids properties
depending on both properties of base ﬂuid and nanoparticles
and according to them, several models have been proposed.
Nanoﬂuid density is obtained by measuring the volume and
weight of the mixture. The particle volume fraction f can be
estimated knowing the densities of both constituents [23]
qnf ¼ uqp þ ð1 uÞqf ð1Þ
The speciﬁc heat of nanoﬂuid can be determined by assum-
ing thermal equilibrium between the nanoparticles and the
base ﬂuid as [23]:
ðqcpÞnf ¼ ð1 uÞðqcpÞf þ uðqcpÞp ð2Þ
Experimental data show that classical models such as those
of Maxwell [24] and Hamilton–Crosser [25] for predicting ther-
mal conductivity and Einstein [26,27], Brinkman [28], and
Batchelor [29] for predicting the viscosity of nanoﬂuids do
not lead to accurate results [30]. These models include only
the effect of the nanoparticle concentration and do not con-
sider important mechanisms of heat transfer such as Brownian
motion and do not employ temperature and size of nanoparti-
cles. The heat transfer characteristics of nanomechanisms of
ﬂuids are dependent on effective viscosity and conductivity,
etc.
Using regression analysis and based on different valid
experimental data, Corcione [30] proposed the following
empirical correlation for thermal conductivity with a standard
deviation of less than 1.86%:
knf
kf
¼ 1þ 4:4Re0:4Pr0:66 T
Tfr
 10
kp
kf
 0:03
u0:66 ð3Þ
In Eq. (3), Pr and Re arePr ¼ lf
qf af
; Re ¼ 2qfkBT
pl2f dp
ð4Þ
Corcione model for thermal conductivity has been pro-
posed for nanoﬂuids consisting of alumina, copper oxide, tita-
nium and copper nanoparticles with diameter in the range
between 10 and 150 nm suspended in water or ethylene glycol
(EG) with volume fraction in the range from 0.002 to 0.09 and
temperature in the range between 294 and 324 K.
Corcione model for viscosity is
lnf
lf
¼ 1
1 34:87ðdp=dfÞ0:3u1:03
ð5Þ
df ¼ 0:1 6M
Np qf0
 
ð6Þ
where df is the equivalent diameter of a base ﬂuid molecule
[30]. In which M is the molecular weight of the base ﬂuid, N
is the Avogadro number, and qf0 is the mass density of the base
ﬂuid calculated at temperature T0 = 293 K.
Corcione model for viscosity was proposed for nanoﬂuids
consisting of alumina, titanium, silica oxides and copper
nanoparticles with diameter ranging between 25 and 200 nm,
suspended in water, ethylene glycol (EG), propylene glycol
(PG) or ethanol (Eth) with nanoparticle volume fraction in
the range from 0.0001 to 0.071 and temperature in the range
between 293 and 333 K. When water is used as the base ﬂuid
its viscosity as a function of temperature is
lf ¼ 562:77ðlnðTþ 62:756ÞÞ8:9137 ð7Þ
The thermo-physical properties of the base ﬂuid and Al2O3
nanoparticles at 295 K are presented in Table 1 [31].
Corcione model [30] is used for evaluated conductivity and
viscosity. In this model conductivity and viscosity are func-
tions of temperature, and volume fraction and nanoparticle
size are used for Al2O3–water nanoﬂuid.
3. Governing equations
The schematic of geometry studied is shown in Fig. 1. The geo-
metrical conﬁgurations consist of a tube with length (L) of 1 m
and circular section with the diameter (D) equal to 0.02 (m).
The problem under investigation is a two-dimensional, steady,
forced turbulent convection ﬂow of nanoﬂuid ﬂowing inside
straight circular tubes. It is subjected to a constant and
uniform temperature at the wall Tw = 310 K. At the tube inlet
section, uniform axial velocity Vin, temperature Tin = 300 K
turbulent intensity and hydraulic diameter have been speciﬁed.
At the outlet section, the ﬂow and temperature ﬁelds are
assumed fully developed (x/D> 10). The Reynolds number
was varied from 10,000 to 100,000.
The considered nanoﬂuid is a mixture composed of water
and particles of Al2O3, with a diameter of less than 100 nm.
The nanoﬂuid is treated, continuous and dilute Newtonian
mixture which has variable physical properties. The compres-
sion work, dispersion and viscous dissipation are assumed neg-
ligible in the energy equation and heat conduction is
represented by Fourier law. Furthermore, nanoparticles are
in thermal equilibrium with the base ﬂuid and there are not
any external force, heat source, chemical reaction and radiative
heat transfer in the problem.
Table 2 Constants used in k–e turbulence model.
Cl C1e C1e rk re rt
0.09 1.44 1.92 1.0 1.3 1.0
Table 3 The average Nusselt number for different grids,
u= 0.01 and Re = 40,000.
Number of elements Nuave % Error
200 · 20 221.34 –
300 · 30 235.04 6.2
400 · 40 242.78 3.3
500 · 50 248.92 2.53
600 · 60 251.03 1
Table 1 Thermophysical properties of the base ﬂuid and the nanoparticles [31].
b (K1) k (W m1 K1) cp (J kg
1 K1) q (kg m3) dp (nm)
Water 2.1 · 104 0.613 4179 997.1 –
Al2O3 0.85 · 105 40 765 3970 33
1 m
Nanofluid
Tw=310 K
0.02 m
Figure 1 Schematic of the geometry studied.
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ical data or approximate models are required to express the
turbulent stresses and heat ﬂux quantities of the related phys-
ical phenomenon. In the present analysis, k–e turbulent model
was adopted. k–e Turbulent model introduces two additional
equations namely turbulent kinetic energy (k) and rate of
dissipation (e).
According to the aforementioned assumptions, governing
equations including the continuity, the momentum, the energy
and k-epsilon model equations are the followings.
The continuity equation is [32]
1
r
@ðrmrÞ
@r
þ @ðmzÞ
@z
¼ 0 ð8Þ
The momentum equation [33] is
1
r
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@ðrvrÞ
@r
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¼  1
q
@p
@r
þ ðtþ ttÞ 1
r
@
@r
@ðrvrÞ
@r
 
þ @
@z
@ðvzÞ
@z
  
ð9Þ
vz
@ðvzÞ
@z
þ 1
r
vr
@ðrvzÞ
@z
¼  1
q
@p
@z
þ ðtþ ttÞ 1
r
@
@r
@ðrvrÞ
@r
 
þ @
@z
@ðvzÞ
@z
 
 vr
r2
 
ð10Þ
The energy equation [33] is
1
r
@ðvrTÞ
@r
þ @ðvzTÞ
@z
þ ¼ 1
r
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@r
raeff
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þ @
@z
aeff
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The k–e turbulent equation [33] is
1
r
vr
@ðrkÞ
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þ vz @k
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rk
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1
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1
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@r
@ðreÞ
@r
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þ @
@z
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@z
  
þ C1e eqkGk  C1e
e2
qk
ð13ÞIn these equations, Gk represents the generation of turbu-
lence kinetic energy due to the mean velocity gradients, calcu-
lated as described in. C1e and C2e are constants. rk and re are
the turbulent Prandtl numbers for k and e, respectively and lt
is the eddy viscosity and is modeled as
lt ¼ qCl
k2
e
ð14Þ
The values for all constants appearing in the k and e model
are summarized in Table 2.
Local convective heat transfer coefﬁcient on wall is
h ¼ knf
@T
@x

wall
ðTw  TbÞ ð15Þ
The average Nusselt numbers, respectively, are
Nuave ¼ hD
kf
ð16Þ
Reynolds number is deﬁned as
Re ¼ UD
mf0
ð17Þ4. Numerical procedure
The governing equations with the associated boundary condi-
tions are numerically solved using the ﬁnite volume method
[34]. The thermophysical properties such as thermal conductiv-
ity and viscosity, which are variable with temperature, are
solved concurrently with ﬂow, temperature in the whole solu-
tion domain. On the control volume faces these properties are
averaged linearly using the calculated values on the grids. The
SIMPLE algorithm has been adopted to solve for the pressure
and the velocity components. The coupled sets of discretized
equations have been solved iteratively using a line-by-line
procedure.
Numerical investigation of turbulent forced-convective heat transfer 581Axial symmetric ﬂow is considered. In order to ensure the
accuracy as well as the consistency of numerical results, several
grids have been submitted to an extensive testing procedure for
each of the cases considered.
Preliminary tests were carried out to test the accuracy of the
numerical solution. To this scope four different grids were
compared in terms of Nusselt number. The values of Nusselt
number are reported in Table 3. It was found that independent
result is obtained using 500 · 50. This grid density is therefore
adopted for the present work and it is used for further analysis.5. Validation
In order to validate the numerical procedure, the relations pre-
sented with Bejan [32], and the results are compared with the
existing results in the literature.
Tables 4 and 5 show comparisons between the average Nus-
selt number and skin friction factor of the present work with
the results of Bejan [32]. As it is observed from the tables, very
good agreements exist between the results of present simula-
tion and those of Bejan [32].
6. Results and discussion
Investigating the effect of nanoparticle volume fraction on the
average Nusselt number, skin friction factor and pressure
drop.
Here the effect of nanoparticle volume fraction on the
average Nusselt number, skin friction factor and pressure
drop is presented for dp = 33 nm. Fig. 2 shows the variations
of the average Nusselt number in terms of the Reynolds num-
ber for various volume fractions. For all the studied volume
fractions, the average Nusselt number rises with increasing
Reynolds number. This is acceptable because of increment
of the conductivity of the nanoﬂuid and subsequent improve-
ment in heat transfer. The other reason of this increment in
the average Nusselt number is acceleration of energy trans-
port because of random motion of the nanoparticles
(Brownian motion) inside the nanoﬂuid. This process makes
a more uniform temperature distribution inside the nanoﬂuid
and hence an improved heat transfer rate between the nano-
ﬂuid and wall.
With increasing volume fraction up to 0.01 for a ﬁxed Rey-
nolds number, the average Nusselt number increases compared
to pure water. The average Nusselt number values for the vol-
ume fraction of 0.02 have little difference with those of pure
water. But during more increment of the volume fraction up
to 0.04, the average Nusselt number decreases compared to
pure water. This occurrence shows that for the studiedTable 4 Comparisons between the average Nusselt number results
Re Nuave, present work Nuave =
20,000 132.45 129.83
40,000 246.8 243.04
60,000 352.8 348.77
80,000 453.32 449.93
100,000 550 547.82turbulent regime inside tube and considering the applied
conductivity model, the increment of the nanoparticle volume
fraction from 0.02 to 0.04 has no increasing effect on the aver-
age Nusselt number. In fact in case of the turbulent regime,
turbulence and the vortexes have more determinative role
compared to the diffusion mechanism. Hence increment of
the volume fraction of nanoparticles after 0.01 that causes
improved conductivity and diffusivity, has no increasing effect
on the average Nusselt number.
The most increment in the average Nusselt number for a
ﬁxed volume fraction takes place in volume fraction of 0.04,
where the average Nusselt number rises up to sevenfold for
an increment in Reynolds number from 10,000 to 100,000.
In Fig. 3 the skin friction factor variations are presented
in terms of the Reynolds number for various volume
fractions. The skin friction factor decreases with increasing
Reynolds number for all the studied volume fractions. By
increasing the Reynolds numbers the boundary layer thick-
ness and consequently the frictional effects and thus cf
decrease. The skin friction factor increases with increasing
nanoparticle volume fraction. This increment is more sensi-
ble for high Reynolds numbers. By increasing the nanoparti-
cle volume fraction, viscosity of the nanoﬂuid increases and
consequently the skin friction rises. The least and most incre-
ment in the skin friction factor with increasing volume
fraction for a ﬁxed Reynolds number is equal to 3.9% and
5.01% and takes place at Reynolds numbers of 10,000 and
100,000 respectively.
Fig. 4 presents the pressure drop in terms of the Reynolds
number for various volume fractions. The pressure drop
decreases with the increment of Reynolds number. As can be
seen in Fig. 4 the pressure drop of the nanoﬂuid is greater than
the pure ﬂuid. The increment of nanoparticle volume fraction
raises the pressure drop. The most and least pressure drop with
increasing volume fraction for a ﬁxed Reynolds number is
equal to 15.59% and 16.87% and takes place at Reynolds
numbers of 10,000 and 100,000 respectively. Increasing Rey-
nolds number from 60,000 to 100,000 and with increasing vol-
ume fraction, the most pressure drop from 16.67% reaches to
16.87% compared to the pure ﬂuid. It shows that with incre-
ment of the Reynolds number from 60,000 to 100,000, the
increasing volume fraction has no noticeable effect on the pres-
sure drop. In this range of the Reynolds number the pressure
drop is more depended on the vortexes and secondary ﬂows
and the rising viscosity because of the increasing nanoparticle
volume fraction has not a sensible effect on the pressure drop.
If the increment in nanoparticle volume fraction in this range
(0.01–0.04) causes the average Nusselt number to increase, the
utilization of nanoﬂuid with such volume fractions instead of
pure ﬂuid can be reasonable.with the Bejan [32].
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Figure 2 The variations of the average Nusselt number versus Reynolds number for various volume fractions (the diagram on the right
is an enlarged view of the left side).
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Figure 4 The variations of the pressure drop versus Reynolds
number for various volume fractions.
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Figure 3 The variations of the skin friction factor versus
Reynolds number for various volume fractions.
Table 5 Comparisons between the skin friction factor results with the Bejan [32].
Re cf, present work cf = 0.046 (Re
0.2) [32] Percent diﬀerence %
20,000 0.0063 0.0061 4.22
40,000 0.0055 0.0053 3.37
60,000 0.0051 0.0049 3.37
80,000 0.0048 0.0046 3.53
100,000 0.0046 0.0044 3.70
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average Nusselt number, skin friction factor and pressure drop
Fig. 5 shows the variations of the average Nusselt number in
terms of Reynolds number in volume fraction of 0.01 for var-
ious values of nanoparticles’ diameter (25–100 nm). With
increasing nanoparticles’ diameter the average Nusselt number
has an insigniﬁcant decrease. The reason for this behavior
should be searched in the random movement of nanoparticles
(Brownian motion) inside the nanoﬂuid. The more nanoparti-
cles’ movement inside the nanoﬂuid increases, the more uni-
form temperature distribution inside nanoﬂuid and hence,better heat transfer is achieved. With increasing nanoparticles’
diameter, the Brownian motion weakens and the average Nus-
selt number decreases. Furthermore enlargement of the nano-
particles brings less surface to volume ratio between the
nanoparticle and the ﬂuid’s molecules which itself reduce the
heat exchange inside the nanoﬂuid. The most and least reduc-
tion in the average Nusselt number with increasing nanoparti-
cles’ diameter is equal to 0.28 and 0.07 and takes place for the
Reynolds numbers of 10,000 and 20,000 respectively.
Figs. 6 and 7 show the variations of the skin friction factor
and pressure drop in terms of the Reynolds number for the vol-
ume fraction of 0.01 and for various nanoparticles’ diameters.
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Figure 6 The variations of the skin friction factor versus Reynolds number for various nanoparticles’ diameter in u= 0.01 (the diagram
on the right is an enlarged view of the left side).
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Figure 5 The variations of the average Nusselt number versus Reynolds number for various nanoparticles’ diameter in u= 0.01 (the
diagram on the right is an enlarged view of the left side).
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Figure 7 The variations of the pressure drop versus Reynolds number for various nanoparticles’ diameter in u= 0.01 (the diagram on
the right is an enlarged view of the left side).
Numerical investigation of turbulent forced-convective heat transfer 583With increasing nanoparticles’ diameter, the skin friction factor
and pressure drop decrease. This behavior can be because of the
reduction in the number of nanoparticles with increasingdiameter. Reduction in the number of nanoparticles can reduce
the chance of their impact on the walls and consequently
reduces the friction effects. The most and least decrement of
584 A. Aghaei et al.the friction factor with increasing diameter of the nanoparticles
is equal to 0.67% and 0.52% and takes place in Reynolds num-
bers of 10,000 and 100,000 respectively.
6.2. Introducing relations for average Nusselt number and skin
friction factor in terms of Reynolds number and the nanoparticle
volume fraction
In this part some relations are presented to compute average
Nusselt number and skin friction factor in terms of Reynolds
number and volume fraction of the nanoparticles by curve ﬁt-
ting on the present results. The relation of (18) gives the aver-
age Nusselt number variations in terms of the Reynolds
number and nanoparticle volume fraction. The correlation fac-
tor (R2) is equal to 0.998 which conﬁrms the good agreement
between this relation and present results.
Nuave ¼ ð0:5277 102ÞReþ ð0:1625 105Þu2
þ ð0:3066 103Þuþ 0:3084 102 ð18Þ
The relation of (19) gives the skin friction factor in
terms of the Reynolds number and nanoparticle volume
fraction. The correlation factor is equal to 0.996 which con-
ﬁrms the good agreement between this relation and present
results.
cf ¼ ð0:4296 102Þ expð1:361uÞ þ ð0:3359 102Þ
 expð0:2953 104ReÞ ð19Þ7. Conclusion
In this study the forced convection heat transfer of water–
Al2O3 nanoﬂuid inside a circular pipe for the Reynolds num-
bers of 10,000 to 100,000, nanoparticle volume fractions in a
range of 0–0.04 and diameters of 25, 33, 75 and 100 nm has
been considered. The lateral surface of the pipe is held at
310 C and the inlet nanoﬂuid ﬂow is at 300 C. Based on
the numerical results,
(1) For all the studied volume fractions, the average Nusselt
number increases with increasing Reynolds number.
(2) With increasing volume fraction up to 0.01 and for a
ﬁxed Reynolds number, the average Nusselt number
compared to that of pure water increases, but afterward
the average Nusselt number decreases with increasing
volume fraction to 0.04.
(3) The most increment in the average Nusselt number for a
ﬁxed volume fraction takes place in volume fraction of
0.04, where the average Nusselt number rises up to sev-
enfold for an increment in Reynolds number from
10,000 to 100,000.
(4) The skin friction factor decreases with increasing Rey-
nolds number for all the studied volume fractions. The
most and least increment in the friction factor with
increasing volume fraction for a ﬁxed Reynolds number
is equal to 3.9% and 5.01% and takes place at Reynolds
numbers of 10,000 and 100,000 respectively.
(5) Increasing Reynolds number for all volume fractions
causes the pressure drop to increase. The increment of
nanoparticle volume fraction increases the pressure
drop. The most and least pressure drop with increasingvolume fraction for a ﬁxed Reynolds number is equal
to 15.59% and 16.87% and takes place at Reynolds
numbers of 10,000 and 100,000 respectively.
(6) By the increment of the Reynolds number from 60,000
to 100,000, the increasing volume fraction has no notice-
able effect on the pressure drop.
(7) With increasing nanoparticles’ diameter the average
Nusselt number has an insigniﬁcant decrease.
(8) With increasing nanoparticles’ diameter, the skin fric-
tion factor and pressure drop decrease. The most and
least decrement of the friction factor with increasing
diameter of the nanoparticles is equal to 0.67% and
0.52% and takes place in Reynolds numbers of 10,000
and 100,000 respectively.
(9) The most and least pressure drop with increasing diam-
eter of the nanoparticles is equal to 0.66% and 0.49%
and takes place in Reynolds numbers of 20,000 and
80,000 respectively.
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